Giant sequoia ( Sequoiadendron giganteum (Lindl.) Buchh.) trees were pruned monthly over a 12-month period to assess the effects of timing of pruning operations on epicormic sprout development. Trees were pruned to three pruning heights in each month. Periodic counts of total sprouts and measurement of the length of the longest sprout were used to assess sprout development following pruning. Sprouting was initially delayed following pruning during growing season months as compared with non-growing season months. Six years after study initiation, greater numbers of sprouts and larger maximum branch lengths were found from pruning outside the May through September growing season. These differences were most pronounced in the fi rst years following treatment but differences diminished markedly after 6 years. However, a logistic model to predict the probability of sprouting indicates that pruning severity was a much more signifi cant explanatory variable than season of pruning. Seasonal differences in epicormic sprout development may be temporary and are of less importance in affecting sprout development than pruning severity. Epicormic sprouts also occurred with greater frequency on the south or exposed side of pruned tree boles.
Introduction
The development of epicormic sprouts on the clear bole of pruned forest trees is a major deterrent to artifi cial pruning in some species. For example, many broadleaved forest trees produce epicormic sprouts after pruning ( Büsgen and Münch, 1929 ; Auchmoody, 1972 ; Kerr and Harmer, 2001 ) as do some conifers such as coast Douglas-fi r ( Pseudotsuga menziesii var. menziesii (Mirb.) Franco), and species in the Abies , Larix , and Picea genera ( Cosens, 1952 ; Stein, 1955 ; Collier and Turnblom, 2001 ; Deal et al. , 2003 ; Waring and O'Hara, 2005 ) . These sprouts may form wood quality defects in wood formed after pruning thereby negating the pruning investment.
Epicormic sprouts originate from dormant or adventitious buds and their development is apparently stimulated by increased light, heat, hormonal stimulants, or combinations of these factors ( Büsgen and Münch, 1929 ; Zimmermann and Brown, 1971 ) . This process has been described as an ' opportunistic reiteration ' ( Begin and Filion, 1999 ) where trees rebuild crowns in response to stimuli. Several studies have reported greater sprouting on the sun-exposed side of the pruned tree bole ( Collier and Turnblom, 2001 ; Deal et al. , 2003 ) . This suggests light or heat stimuli but hormonal triggers infl uenced by crown size reduction may also be important causal factors.
In forest trees, sprouting tends to occur with greater frequency and in greater numbers with more severe pruning ( Deal et al. , 2003 ; Waring and O'Hara, 2005 ) . For example, in Sitka spruce ( Picea sitchensis (Bong.) Carr.), Deal et al. (2003) reported that sprouts were more frequent and larger on more severely pruned trees. Number of epicormic branches tends to decline following pruning as trees rebuild crown volume. In coast Douglas-fi r, Stein (1955) reported that almost all epicormic sprouts had died within 6 years of pruning in all but the most severe treatment. Waring and O'Hara (2005) found that epicormic branches on western larch ( Larix occidentalis Nutt.) trees declined ~ 50 per cent within 10 years of pruning treatments. However, sprout mortality was largely confi ned to smaller sprouts and the numbers of larger sprouts remained virtually unchanged. In northern red oak ( Quercus rubra L.), number of sprouts declined following growing season pruning ( Auchmoody, 1972 ) .
Epicormic branches are assumed to form soon after pruning or other stimulus but few studies have documented the rate at which sprouts appear. Coppice or stump sprouts also originate from dormant or adventitious buds and their development can be sensitive to timing of cutting in some species ( Wargo, 1971 ; Mooney and Hayes, 1973 ) . For example, Harrington (1984) reported substantially reduced resprouting of cut red alder ( Alnus rubra Bong.) following cutting during the growing season. The explanation derived from these studies with stump sprouts are that a tree cut in the growing season has lower carbohydrate reserves and is less able to resprout than a similar tree cut outside the growing season.
Considering the physiological similarities between individual branches and trees ( Sprugel et al. , 1991 ) , the same phenomena related to seasonal timing of cutting trees may affect epicormic sprouting after pruning branches. No relationship between timing of pruning and epicormic sprouting in pruned trees has been observed although research on this question is scarce. Kerr and Harmer (2001) reported no effect on the timing of pruning in pedunculate oak ( Quercus robur L.). Harmer (1988) found that girdling pedunculate oak stimulated sprouting in all months but summer season sprouting was delayed until the following year. Similarly, Wignall et al. (1987) found that artifi cial stimulus with auxin was effective in pedunculate oak in April and May, but not in June or August. In 2-year-old peach trees ( Prunus persica ), Gordon et al. (2006) reported date of topping trees as the primary factor determining number of sprouts and sprout length. However, the result was greater sprouting in summer and lower in spring. These studies suggest that timing of pruning treatments has no effect on long-term sprout production, but may affect the timing of sprout initiation. A detailed understanding of timing effects is critical for predicting species-specifi c responses to artifi cial pruning.
Giant sequoia ( Sequoiadendron giganteum (Lindl.) Buchh.) is an evergreen conifer native to the west slope of the Sierra Nevada in California. It is most noted for its longevity and large size, but also has potential as a species for wood production ( Weatherspoon, 1990 ) . As a plantation tree, giant sequoia is a fast-growing species with an excurrent growth form and is typically classifi ed as intolerant to shade. However, at present, giant sequoia is not widely planted as a plantation tree species. The wood is similar in quality to coast redwood ( Sequoia sempervirens (D. Don) Endl.) ( Cockrell et al. , 1971 ) , but the quality of plantation-grown giant sequoia may be reduced by persistent branches and a highly tapered bole: both problems that may be alleviated through artifi cial pruning. Giant sequoia also produces epicormic sprouts although observations have been primarily anecdotal (e.g. Stephens and Finney, 2002 ) .
The objective of this study was to assess the effect of timing of pruning operations on epicormic sprout development in giant sequoia by (1) documenting the timing of sprout production, (2) comparing trees pruned during different months over a 12-month period, (3) evaluating the relative importance of pruning severity relative to timing of pruning operations on epicormic sprout development and (4) comparing epicormic production on north and south sides of trees pruned in different months to assess effect of sun exposure.
Methods
A giant sequoia spacing study, established in 1989, at Blodgett Forest Research Station (BFRS), was the research site. BFRS is a University of California experimental forest located on the west slope of the Sierra Nevada range in California. Elevation is 1320 m at 38° 52 ′ N, 120° 40 ′ W. The climate is Mediterranean with average precipitation of ~ 1500 mm/year and generally falls from October through May. The site is fl at (slope < 10 per cent) and the soils are a deep, well-drained ' Cohasset ' soil series. More details on the establishment of the spacing study are available in Heald and Barrett (1999) .
The spacing trial was established in 1989 and set up as a randomized block design with buffers between plots of different spacings. Trees in the buffer were the subject trees of this pruning study. Approximately 500 of these trees were randomly assigned to one of three pruning severity treatments: pruned to target heights of 2.0, 3.5 or 5.5 m and to a monthly treatment regime. Approximately 40 per cent of trees were assigned to each of the 2.0-and 3.5-m lifts, and ~ 20 per cent to the 5.5-m lift. Average tree height at time of pruning was 6.9 m. Following pruning, measured prune heights were slightly different than targeted heights. They were 2.5, 3.9 and 5.9 m. Trees were 12 growing seasons old at the initiation of the study.
A twelfth of the trees were randomly selected and scheduled for pruning on a monthly basis beginning in October 2000 ( Table 1 ). Approximately 45 trees were pruned per month and included all three pruning lifts. Pruning treatments were intended to occur in the last week of each month but did not always occur a full month apart because of weather and scheduling complications.
Additionally, no trees were pruned in February 2001 because of deep snow and inaccessibility of the site. Pruning was completed using bypass loppers, cutting as close to the stem as possible. Care was taken to remove all branches, including any existing epicormic sprouts on the stem.
Tree heights and actual prune heights were measured at the same time as pruning with a height pole to the nearest centimeter. Trees were placed into two categories based on the time of pruning as a variable called ' season ' . Trees pruned from May through September were considered to be pruned in the growing season and other trees were not. This defi nition of growing season was supported by giant sequoia phenology data collected in 1997, which indicated that 95 per cent of total height growth occurred from April 28 to September 29 (BFRS data). This created a dichotomous variable to examine effects of growing season on epicormic sprout production. The t tests were used to compare means for number of sprouts and maximum branch length by season. One-way analysis of variance (ANOVA) was used for comparisons ( Table 3 ). Maximum branch length followed similar trends as number of branches ( Figure 2 ). By winter 2002 -03, the average maximum branch length was over 5 cm for all months and exceeded 15 cm for November. Time since pruning is an important consideration in this initial analysis since the November pruning was over 2 years old with two growing seasons since pruning but the September pruning was between 15 and 18 months old with one growing season since pruning at the time of this fi rst branch length measurement. Differences in average maximum branch length by month were signifi cant ( Table 2 ) with multiple comparison test results shown in Figure 2 . In May 2006, differences in maximum branch length were marginally signifi cant by month ( Table 2 ), but neither Student Newman Keuls nor Scheffe multiple range tests identifi ed signifi cantly different means ( Figure 2 ). Comparisons by season indicated signifi cantly larger branches from trees pruned in ( Table 3 ) . Number of sprouts per tree was also affected by pruning severity. Generally, sprouting increased with decreasing live crown percent (or increasing pruning severity) but considerable variation was apparent in number of sprouts for more severely pruned trees ( Figure 3 ) . However, given the large number or trees with no sprouts, the data could not be normalized to predict number of sprouts from percent live crown using linear regression. Logistical regression was used to predict the probability of epicormic branch development from percent live crown, season, height of pruning and mean monthly temperature. Only percent live crown and a constant were signifi cant predictors of branch presence ( Table 4 ). The resulting model was of the form: The resultant model indicates that when percent live crown is less than 30 per cent, the probability of sprout development approaches 100 per cent ( Figure 4 ). When percent live crown was removed from the model, season became a signifi cant variable (along with a constant), but the overall model was considerably weaker than using only percent live crown ( Table 4 ) . Mean monthly temperature was also a signifi cant independent variable in a model with no other variables ( P = 0.034, Table 4 ), but this model was weaker than the model with only season. Pruning resulted in an average of 6.5 sprouts on the south side of pruned tree boles compared with 4.4 sprouts per tree on the north side ( Table 3 ). These differences were signifi cant ( P < 0.001). Average number of sprouts was also signifi cantly greater on both aspects from pruning during the non-growing season as compared with the growing season ( Table 3 ) .
Discussion

Timing of pruning effects on sprout development
Growing season tree cutting has reduced basal sprouting of some deciduous broadleaved trees ( Wargo, 1971 ; Harrington, 1984 ) , apparently because of reduced energy storage following spring refoliation. A similar pattern may affect timing of epicormic sprout development following pruning and may have a small effect on overall sprouting in giant sequoia. There were delays in sprouts developing during the summer in these data that were apparent in the September 2001 sprout count ( Figure 1 ). These trees pruned during the growing season probably developed their sprouts the following spring although this cannot be confi rmed from these data. This delay in sprouting following growing season pruning corresponds to Harmer's (1988) results with pedunculate oak. The difference between the stump sprout studies and our results may be due to the evergreen nature of giant sequoia or because these trees generally had substantial amounts of foliage after pruning in contrast to the severed trees which required complete refoliation.
Timing of pruning operations to coincide with the growing season or phenological activity in giant sequoia results in small reductions in epicormic sprouting. Although a seasonal effect is indicated from the differences in number of sprouts by season ( Table 3 ) , other factors may contribute to these results. Pruning occurred monthly beginning in October 2000. Growing season pruning therefore occurred from 7 to 11 months later. Since sprouting following growing season pruning was apparently delayed until the following spring, non-growing season pruned trees had an additional growing season to develop sprouts and growing season pruned trees had an additional growing season of height and crown development. Differences in sprout numbers and maximum sprout length may be attributable to a combination of delayed sprouting during the growing season and the variations in elapsed time since pruning for the different monthly treatments. As a result of both factors, seasonal pruning effects were most evident at the initial sprout counts and decreased with time.
Severity of pruning effects on sprout development
Epicormic sprout development increased with pruning severity as has been reported in other studies with conifers ( Stein, 1955 ; Eckstein, 1974 ; Collier and Turnblom, 2001 ; Deal et al. , 2003 ; Waring and O'Hara, 2005 ) . Although there is considerable variation in numbers of sprouts by pruning severity ( Figure 3 ), this is also typical of previous work. However, season of pruning was not an important source of this variation in probability of sprouting as indicated by its insignifi cance in the logistical model that included both severity and season ( Table 4 ). The south aspect had a greater number of sprouts than the north as reported for Sitka spruce ( Deal et al. , 2003 ) . Seasonal trends were also significant with greater sprout numbers on both north and south aspects resulting from non-growing season pruning.
To reduce epicormic sprouts in giant sequoia, reductions in pruning severity would be the most effective means. The most severe pruning lift in this study was to 5.5 m. This left an average percent live crown of only 23.8 per cent and contributed 42.1 per cent of the sprouts in this study although these trees represented only 19.4 per cent of sample trees. Leaving a percent live crown of greater than 60 per cent would reduce the probability of sprouting (e.g. producing one or more sprouts) to about 50 per cent ( Figure 4 ) . Pruning to the same height in multiple pruning lifts that are separated by suffi cient time to allow crown expansion between pruning treatments would reduce sprouting although it would probably also increase the size of the defect core (O'Hara, 2007) and increase costs. Scheduling pruning operations to coincide with the growing season would have a small long-term effect on numbers of sprouts and on branch length.
Conclusions
Epicormic sprouting in giant sequoia follows trends from other species with regard to bole exposure and severity of pruning. Timing of pruning treatments to coincide with the growing season in giant sequoia can reduce the number of epicormic sprouts per tree. Maximum branch length on each tree was greater after 5 years following nongrowing season pruning. Whether these trends continue is questionable because results may be related to differences in time since pruning that varied by as much as 11 months over the study period. Trees pruned during the growing season had one less growing season for development of epicormic sprouts than trees pruned outside the growing season. Epicormic sprouting increases with pruning severity regardless of season of pruning. The effect of pruning severity was of greater importance than season of pruning in predicting the probability of sprouting. Giant sequoia trees are more likely to develop sprouts on the south or exposed sides of boles. The numbers and length of epicormic sprouts in giant sequoia can be minimized by shorter pruning lifts during the growing season months. Multiple, short pruning lifts are likely to have a greater effect than modifying the season of pruning in reducing the development of epicormic sprouts.
